Children requiring lung transplantation often decompensate before suitable lungs for transplant become available. Those patients suffering from pulmonary hypertension are especially vulnerable because they may develop both respiratory failure and right heart failure. 1 Many of these children will eventually require mechanical ventilation to support respiratory function; however, positive pressure ventilation is associated with severe complications including pneumonia and ventilator-associated events (VAEs). 2 Prolonged mechanical ventilation can lead to deconditioning and often precludes transplantation. Extracorporeal membrane oxygenation (ECMO) has been used as a salvage therapy, but is not a suitable long-term solution because of its complexity, cost, and correlation with poor posttransplant outcomes. 3 As an alternative, a paracorporeal pediatric artificial lung (PAL) specifically designed to support infants and small children with chronic lung disease may help bridge these patients over a longer duration until donor lungs become available. The PAL would allow patients to wait for ideally matched donor organs and liberate them from mechanical ventilation, reducing VAEs. Additionally, a low-resistance PAL would offload the right ventricle (RV) by providing an alternative low-resistance flow pathway. Perfusion of the PAL solely by the RV would eliminate the need for a pump with its associated hemolysis, thrombosis, and potential mechanical complications. 4, 5 Finally, a paracorporeal PAL would allow for ambulation and physical reconditioning while awaiting transplantation, which has been shown to significantly improve posttransplant outcomes in adults. 6, 7 Freely ambulating, ventilator-and pump-free patients would be liberated from the intensive care unit (ICU), and could potentially be discharged to low-acuity facilities or even home.
To address this clinical need, we sought to create a novel PAL for bridging children to lung transplantation or recovery. Our laboratory has extensive experience with artificial lung technology and has previously tested an adult low-resistance artificial lung in sheep with a surface area of 1.7 m 2 . 8 We adapted this technology to a smaller size (surface area 0.5 m 2 ) with even lower device resistance and priming volume for the pediatric population. The purpose of this early study was to assess the flow characteristics and function of our prototype PAL in an acute lamb model of pediatric lung disease.
Materials and Methods

Device Design
The PAL design is characterized by a radial flow pattern of blood facilitated by a centrally located separator. The oxygenator's rigid housing holds a bundle of uncoated polymethylpentene hollow fibers, held in place with polyurethane potting. The hollow fibers and the potting separate the blood and gas phases-the gas flows on the inside while the blood surrounds the outside of the fibers. , priming volume is 65 ml). The oxygenated blood leaves the device through the two ports on either side of the device. The inlet and outlet ports are located on the same end of the bundle for easy connection to the patient's vasculature without lengthy conduits. The artificial lung measures approximately 20 cm in length and 5-8 cm in width ( Figure 1A ; note: fiber bundle around separator is not shown for clarity).
Because the oxygenator is intended for perfusion by the RV without aid from an external pump, it was essential that the PAL has minimal resistance to maximize preferential flow through the device. For this reason, the lung was designed to have two outlet ports, relatively large connectors with an inner diameter of 3/8 inches, as well as a large annular space around the fiber bundle to promote flow shunting throughout the device. The added advantage is the ease of priming and de-airing of the device. Computational fluid dynamics (CFd) modeling was carried out on AnSyS CFX software (Ansys Inc., Canonsburg, PA), using previously published methods. 9 Blood was modeled as an incompressible navier-Stokes fluid (dynamic viscosity 0.00345 Pa s, density 1,060 kg/m 3 ), and the fiber bundle was modeled as a porous media, governed by darcy's law (permeability 1 × 10 −10 m 2 , porosity 0.50). The boundary conditions were as follows: blood inlet flow rate = 0.5 L/min, blood outlet pressure = atmospheric pressure, and walls = no slip.
In Vitro Gas Exchange and Pressure Drop
In vitro gas transfer was characterized using previous published methods. 10 Anticoagulated bovine blood was conditioned to venous conditions (hemoglobin 12 ± 1 g/dl, oxygen saturation 65 ± 5%, pCO 2 45 ± 5 mm hg, base excess 0 ± 5 mmol/L, ph 7.4 ± 0.1, glucose 200 ± 100 mg/dl, temperature 37 ± 2°C) and pumped through the oxygenator at variable flow rates ranging from 0.25 to 2.0 L/min. Oxygen flow was set at a blood to gas flow ratio of 1:1, 1:4, and 1:8. Blood samples were taken from the inlet and outlet at each flow rate to determine SO 2 , pO 2 , pCO 2 , ph, and hemoglobin concentration and both oxygen and carbon dioxide transfer were calculated. Rated flow was calculated as the maximum blood flow rate (L/min) that can be oxygenated from venous (65 ± 5%) to arterial (≥95%) saturations using a FiO 2 = 1. This was obtained by incrementally increasing the oxygenator blood flow until the outlet blood saturation first drops below 95%.
In Vivo Animal Experiment
All animals received humane care in accordance with the nIh guide for the Care and Use of Laboratory Animals. Animal protocols were approved by the University of Michigan Institutional Animal Care and Use Committee (IACUC).
Five juvenile lamb weighing 20-30 kg were induced with propofol (10 mg/kg), placed in the right lateral decubitus position, and mechanically ventilated using a Penlon Prima 2 ventilator (Penlon Limited, Abingdon, UK) with the following settings: tidal volume 15 ml/kg, frequency 12 min
, fraction of inspired oxygen 75%. general anesthetic was maintained with inhaled isoflurane (1-3.5%). An arterial line was placed in the left carotid artery for blood gas sampling and continuous arterial pressure (P ART ) monitoring. A venous line was placed in the left jugular vein for medication and fluid administration (200 ml/hour normal saline).
A left thoracotomy was performed, the ligamentum arteriosum was ligated and divided, and the right pulmonary artery (rPA) was identified and isolated with silicone vessel loops. during disease model conditions, the vessel loops were used to occlude the rPA. Animals tolerated rPA occlusion without the need for vasopressor or inotrope support. An 18 mm ultrasonic perivascular flow probe (Transonic, Ithaca, ny) was placed around the main pulmonary artery to measure pulmonary artery flow (Q PA ). A micromanometer pressure catheter (Millar, houston, TX) was inserted into the pulmonary artery to continuously measure pulmonary artery pressure (P PA ).
The animals were anticoagulated with a 100-150 units/kg sodium heparin bolus and maintained on continuous heparin infusion for a target activated clotting time (ACT) of 200-350 seconds. The PAL was then implanted via two dacron grafts (Terumo Cardiovascular group, Ann Arbor, MI) each measuring 10 mm in diameter and 8 cm in length. These grafts were anastomosed to the pulmonary artery and left atrium. The device was connected to the grafts via 3/8 inch inner-diameter polyvinyl chloride tubing. Another 3/8 inch ultrasonic flow probe (Transonic, Ithaca, ny) was placed around the tubing to measure the blood flow to the PAL (Figure 2) .
Data Acquisition
Three physiologic conditions were evaluated with each animal in the following order: 1) Baseline: before PAL attachment; 2) disease Model: rPA occlusion before PAL implantation; and 3) disease Model + PAL: rPA occlusion after PAL implantation.
Pulmonary pressure and flow was collected at a sampling frequency of 1000 hz for 30 seconds at each condition using AcqKnowledge 4.3 software (BioPAC Systems, goleta, CA). Fourier analysis was performed on P PA and Q PA , breaking down the waveforms into their respective harmonics. Pulmonary vascular input impedance (the opposition to pulsatile flow and an indicator of cardiac load) was calculated by dividing the amplitudes of P PA and Q PA at each harmonic. 11 Resistance is defined by the impedance at the zero harmonic (Z.0), and low-frequency impedance is defined by the impedance at the first harmonic (Z.1). Characteristic impedance (Z.C), or impedance in the absence of wave reflections, can be estimated by the average impedance between 2 and 12 hz. Right ventricular efficiency, or flow generated per unit of energy consumed, is estimated by CO/Wt, where CO is the cardiac output and Wt is the total right-side heart power (time-averaged integral of the product of P PA and Q PA ). 12 data were expressed as mean ± standard deviation and data analysis was performed using paired-sample t-tests in SPSS Statistics 20 (IBM, Armonk, ny).
Results
Computational Fluid Dynamics Modeling
A representative planar view of the computationally obtained velocity and pressure profiles of the oxygenator are shown. The fiber bundle accounted for the largest pressure drop within the device. As shown in the velocity vector pattern in Figure 1B , the annular spacing allowed the high-velocity blood flow from the inlet to be distributed along the height of the device with minimal resistance before entering the fiber bundle, thereby minimizing the overall pressure drop and maximizing uniform blood flow distribution through the fiber bundle. The uniform distribution of flow is beneficial for both improved gas exchange as well as minimized risk of thrombus formation. As shown in the total pressure panel in Figure 1C , the minimal pressure drop is radially uniform through the fiber bundle. The results demonstrated that the blood flowed preferentially through the annular spacing, reducing the pressure drop across the device.
In Vitro Gas Exchange and Pressure Drop
Average oxygen transfer at 0.5, 1, and 1.5 L/min across all blood to gas ratios was 27.6 ± 0.4, 42.7 ± 1.7, and 54.5 ± 4.0 ml/ min, respectively. This translates into an average rated flow across all Qb:Qg's of 0.90 L/min ( Figure 3A) . There is nearly no variation in oxygen transfer between different Qb:Qg ratios. Assuming an average oxygen metabolism of 4 ml/kg and average flow through the PAL of 1 L/min, this device can fully support the metabolic demands of children up to 2 years of age and partially support (50% metabolism) children up to 6 years of age. In terms of carbon dioxide removal, at maximum sweep flows the PAL was capable of removing 52 ml/min at 0.5 L/min blood flow, 120 ml/min at 1 L/min blood flow, and 132 ml/min at 1.5 L/min blood flow ( Figure 3B) . Average resistance across the device was 3.4 mm hg/L/min. (Figure 3C ). 
In Vivo Animal Experiment
All five animals tolerated both the disease model and PAL attachment. The occlusion of the rPA and induction of disease affected all variables in a manner consistent with pulmonary hypertension ( Table 1) . PAL attachment averaged flows of 1.3 ± 0.6 L/min and resistance of 2.3 ± 0.8 mm hg/L/min. Following PAL attachment, there were improvements in pulmonary artery pressure (29.3 ± 4.4 vs. 25.2 ± 4.9 mm hg, p = 0.018), cardiac output (3.7 ± 1 vs. 4.2 ± 1 L/min, p = 0.050), and RV efficiency (12.0 ± 1.7 vs. 14.0 ± 1.8 L/j, p = 0.001). Additionally, there was a decrease in impedance across the entire pulmonary vascular impedance spectrum, including a statistically significant decrease in resistance (Z.0 p = 0.028; Figure 4) .
In vivo gas exchange of the device was tested using sweep gas of 100% oxygen at a rate of two times the artificial lung blood flow rate. Inlet partial pressure of oxygen (pO 2 ) averaged 65.5 ± 10.1 mm hg, and outlet pO 2 averaged 330 ± 140 mm hg. Inlet oxygen saturation averaged 84 ± 0.8 %, and outlet saturations were invariably 100%. Partial pressure of carbon dioxide (pCO 2 ) averaged 48.6 ± 2.4 mm hg at the inlet, and 34.3 ± 12 mm hg at the outlet. These measurements were taken with average animal hemoglobin of 8.4 ± 0.9 g/dl and translate into an average oxygen transfer of 21 ml/min.
Discussion
despite improvements in the outcomes of patients bridged to lung transplantation using ECMO over the last decade, a subset of children with decompensated respiratory failure and pulmonary artery hypertension still lack viable therapies. 13 These children have typically required extracorporeal venoarterial support, which is associated with worse posttransplantation clinical outcomes, and in some centers is considered a contraindication to listing for lung transplantation.
14 As an alternative, the development of a paracorporeal artificial lung with low resistance would transform the clinical management of these children. Such a device would serve as a bridge to lung recovery in children with pulmonary conditions in which time is needed for lung growth and repair, and serve as a bridge to lung transplantation in children with progressively fatal pulmonary conditions refractory to optimal medical therapy. This study reports our early progress toward developing such a device and focuses primarily on the short-term efficacy and technical performance of a novel PAL at unloading the RV.
The utility of such a device has already been demonstrated by several case reports in which children were transitioned from ECMO to pumpless paracorporeal lung assist devices (MaquetQuadrox-id or novaLung oxygenators) as a bridge to lung transplantation. [14] [15] [16] [17] The oxygenators were attached in a pulmonary artery to left atrium (PA-to-LA) configuration, in parallel to the native lung, and were used in children with decompensating respiratory function and pulmonary artery hypertension. Although these reports demonstrated the potential of using paracorporeal lung assist devices, the technique is in part limited because of the lack of a suitable artificial lung. These current lung assist devices are ECMO oxygenators with higher resistances and are poorly suited for ambulation or long-term support. Therefore, a PAL designed expressly for pumpless PA-to-LA implantation in children would improve the management and outcomes of patients with pulmonary hypertension and right heart failure.
Admittedly, the artificial lung is not a new technology. Over the last decade, there have been enormous advances in PA-to-LA adult artificial lungs and RA-to-PA and RA-to-Aorta artificial lung-pumps. Our laboratory has tested an adult-sized total artificial lung in a 1 month ovine model. 8 however, there has been little progress on pediatric pumpless devices. It is important to simultaneously develop a pediatric version of this device given that a larger percent of children compared with adults who are candidates for lung transplantation suffer from idiopathic pulmonary arterial hypertension and other diseases that induce stress on the RV. 18 Additionally, while all lung transplantation is limited by organ scarcity, the pediatric population (particularly those ≤ 6 years of age) has longer waiting lists and mortality rates in part associated with difficulty of donor-recipient size matching. 19 Similarly, new RA-to-PA and RA-to-Aorta artificial lung pumps have undergone impressive preclinical testing. These ambulatory oxygenators and right ventricular assist devices demonstrated potential to provide cardiopulmonary support and RV unloading for up to 1 month. 20, 21 however, because they require a mechanical pump, they have increased risk for complications such as circuit thrombosis, hemolysis, and platelet consumption. Additionally, the added complexity of a mechanical pump may limit discharge from the ICU. Therefore, the current PAL was designed to treat pulmonary hypertension by unloading the RV without the need for a mechanical pump. This design focused primarily on creating a low-resistance flow pattern. The compliance of the artificial lung was of low priority because previous studies have shown that compliance has little effect on the cardiac output when compared with decreasing resistance. 22, 23 Additionally, resistance and compliance have an inverse hyperbolic relationship such that decreasing resistance will increase compliance and decrease the pulmonary vascular impedance. 24 This is evident in our data as the PAL was most effective at decreasing pulmonary artery pressure, increasing cardiac output, and decreasing the zeroth harmonic impedance (which is analogue to resistance), but showed significantly smaller reductions in the first harmonic impedance and the characteristic impedance (which are influenced more by compliance). If compliance was introduced into the device, we would have expected a larger decrease in at these harmonics.
Testing the artificial lung under high afterload situations was especially important in our study because acute deterioration and decompensating heart failure is a common observation in patients with end-stage lung disease. Over the last two decades, the most common indication for lung transplantation in children aged 1-5 years was idiopathic pulmonary arterial hypertension. 18 This is in addition to children with secondary pulmonary hypertension caused by other primary lung diseases such as alveolar capillary dysplasia or pulmonary hypoplasia. Our model of rPA ligation is sufficiently severe and produced significant increases in all measured indices of cardiac load. 25 We chose pulmonary artery occlusion because it has been shown to place greater strain on the RV than other animal models of lung disease such as microvascular injury models. 26 Although the degree of afterload we achieved is not equal to those observed in children with end-stage lung disease or idiopathic pulmonary hypertension, it does represent the maximum acute nonfatal increase possible. 27 Following PAL attachment, there was a significant decrease in RV afterload, but not a return to baseline values. We recognize that although our device is low resistance, it is still higher resistance than healthy native lungs and is only capable of alleviating, not resolving, the increased afterload. To return pulmonary artery pressures to normal, a device with significantly lower resistance would be needed. Additionally, at such low pressures, there is also a need to focus on decreasing the resistance of the pulmonary artery and left atrium anastomosis-which likely contribute significant resistance to the artificial lung blood flow. Concurrently, our laboratory is developing a mock circulatory loop system to study in vitro vascular access configurations.
This study has two main limitations. First, the artificial lung was implanted into lambs with an acute, rather than chronic, model of pulmonary artery hypertension. Therefore, our model lacks the chronic course of progressive deterioration and arteriopathy that are important clinical features of pediatric pulmonary hypertension. Unfortunately, there is no large animal preclinical model that perfectly recapitulates pediatric pulmonary hypertension. Injecting substances into the pulmonary circulation (Sephadex and ceramic beads or serial air embolisms) has been developed as a model in sheep; however, these methods often require weeks or months to develop, pushing the animal out of the appropriate size and age range. [28] [29] [30] There are also well-established models such as chronic hypoxia, monocrotaline injury, and genetic manipulation; however, the majority of these methods have only been developed in rats and mice. 31 Therefore, we believe that acute rPA occlusion represents an appropriate and inexpensive model suitable for early evaluation of our prototype PAL. Children with chronic lung diseases requiring lung transplantation have had years of RV remodeling, and we recognize that their ventricles will tolerate PAL attachment differently than the animals in our acute study. however, these early results are encouraging and indicate that a low-resistance PAL can unload the RV. Second, this study does not evaluate long-term blood activation and biocompatibility of the artificial lung. A major limitation to the use of artificial lungs has been clotting and the necessity for frequent device exchanges. This concern is magnified when the artificial lung is placed in parallel to the pulmonary circulation because blood bypasses the pulmonary capillary bed, which acts as a blood filter. Therefore, the risk of embolism into the systemic circulation is significantly increased. Both these limitations will be addressed in future chronic experiments.
In conclusion, PA-to-LA artificial lung implantation can alleviate pulmonary hypertension and increase RV efficiency in an acute juvenile lamb disease model, and our prototype PAL demonstrates potential as a bridge to lung recovery or transplantation in pediatric patients.
